Mothers meet the increased requirements for calcium
sessed by histological examination and immunohistochemical determination of smooth muscle actin expresduring pregnancy and lactation by doubling their intestinal calcium absorption and demineralizing their skelesion. As in the wild type, these cells were localized to the basal surfaces of the epithelial ducts (inset in Figure  tons via activation of bone-resorbing osteoclasts (Kovacs and Kronenberg, 1997). 2B). These results indicate that the absence of OPGL expression has no apparent effect on the development We report that pregnancy hormones induce OPGL expression in mammary epithelial cells. OPGL expresof the parenchymal breast tissue during postnatal life, puberty, or in nulliparous adult female mice. The rate of sion is required for cellular survival/proliferation. Mutations of the opgl or rank genes result in the total inhibition ductal side branching during puberty needs to be further analyzed in opgl Ϫ/Ϫ mice. of lobulo-alveolar epithelial development and a complete block in the formation of a lactating mammary Since morphogenesis of the ductal tree appeared normal in nulliparous opgl Ϫ/Ϫ females, we hypothesized that gland, leading to the death of newborn pups. Local reconstitution of OPGL in opgl Ϫ/Ϫ mammary tissue, but loss of OPGL might affect mammary gland development during pregnancy. In wild-type females, pregnancy hornot in rank Ϫ/Ϫ mammary glands, restores epithelial proliferation, lobulo-alveolar development, and mammary mones induce proliferation of ductal epithelium and sprouting of alveolar buds in mid-pregnancy ( , we investigated whether OPGL 1D), and these defects remained evident until lactation function was required during pregnancy and lactation.
( Figure 1F ). Nevertheless, at lactation, the mammary Although opgl Ϫ/Ϫ mothers are osteopetrotic and display glands of opgl Ϫ/Ϫ mice displayed the usual dilation of a failure in tooth eruption, they are fertile and give birth to primary ducts ( Figure 2F ; compare to ducts at P14.5 in litters of morphologically normal pups whose numbers Figure 2D ) indicating that luminal expansion of epithelial were comparable to those of opgl ϩ/Ϫ and opgl ϩ/ϩ mothducts is not affected by the absence of OPGL. In addition ers. However, despite normal nursing and mothering to the defect in lobulo-alveolar development, expression characteristics displayed by opgl Ϫ/Ϫ females and suckof mRNA for the major milk protein ␤-casein was signifiling attempts made by their pups, newborns of opgl Ϫ/Ϫ cantly impaired starting at P14.5 and continuing until at mothers failed to thrive and all pups died within 48 hr least day one of lactation (L1; Figure 2G ). Therefore, the of birth. Lethality of the newborns was independent of death of pups born to opgl Ϫ/Ϫ females appears to be their genotype (opgl ϩ/Ϫ or opgl Ϫ/Ϫ ). Examination of onethe consequence of inappropriate mammary glandular day-old pups revealed that they lacked milk in their growth and a failure in maternal milk production. These stomachs. Fostering by surrogate wild-type females resdata show that OPGL expression is essential for the cued the survival of both opgl ϩ/Ϫ and opgl Ϫ/Ϫ pups born development of the initial mammary alveolar buds into to opgl Ϫ/Ϫ females. These data suggested that opgl Ϫ/Ϫ mature lobulo-alveolar epithelial structures, and the formothers might have a defect in the production of breast mation and differentiation of a functional, milk-producmilk.
ing mammary gland. Defective milk production can be caused by various developmental and/or functional abnormalities in the mammary glands. Mammary gland morphogenesis pro-OPGL Is Necessary for Mammary Gland Development during Pregnancy ceeds in distinct steps, beginning with a fetal mammary anlage that undergoes ductal elongation and branching
The defect in lobulo-alveolar development in pregnant opgl Ϫ/Ϫ females could point to a primary role for OPGL . Mammary branching commences with puberty and leads to infiltration of the epithelial in mammary tissue development, or might be secondary to systemic endocrine abnormalities. We therefore deductal tree into the mammary fat pad. In age-matched nulliparous opgl Ϫ/Ϫ , opgl ϩ/Ϫ , and opgl ϩ/ϩ females, formatermined whether local reconstitution of opgl Ϫ/Ϫ mammary tissue with recombinant mouse OPGL (rOPGL) tion of the mammary gland anlage, elongation and extension of the ductal tree, as well as ductal side could rescue lobulo-alveolar development. Slow-release pellets containing soluble rOPGL were implanted into branching were comparable ( Figures 1A and 1B) . Histological analyses of nulliparous mammary tissues at difthe mammary glands of nonpregnant and pregnant females. To first determine if soluble rOPGL could induce ferent time points after birth showed that the epithelial ductal structures of opgl Ϫ/Ϫ mice were of the usual size ductal and/or alveolar differentiation in the absence of pregnancy, we implanted rOPGL-containing pellets into and surrounded by normal stromal matrix and fibroblasts (Figures 2A and 2B) . Importantly, opgl Ϫ/Ϫ mice one mammary fat pad of nulliparous, nonpregnant wildtype females, and control pellets containing the vehicle contained normal numbers of myoepithelial cells, as as- Ϫ/Ϫ animals that carried transplanted opgl ϩ/ϩ or opgl Ϫ/Ϫ mammary epithelium were mated and mammary gland development was examined ( Figures  3E-3H ). At lactation, the development of opgl ϩ/ϩ tissue transplanted into rag1 Ϫ/Ϫ females ( Figure 3F ) paralleled that of the nontransplanted control gland ( Figure 3E ), and the fat-pads of both glands were filled with lobuloalveolar structures exhibiting secretory activity. However, mammary gland development was arrested at the alveolar bud stage when opgl Ϫ/Ϫ epithelium was transplanted into rag1 Ϫ/Ϫ mammary stroma ( Figure 3H ). It should be noted that although rag1 Ϫ/Ϫ stroma did not rescue lobulo-alveolar development of opgl Ϫ/Ϫ epithelium, it was able to support elongation and sidebranching of opgl Ϫ/Ϫ ductal epithelial cells ( Figure 3H ). These transplantation studies show that the lobulo-alveolar differentiation defect in pregnant opgl Ϫ/Ϫ females is inherent and cell autonomous to mammary epithelial cells and cannot be overcome by the presence of wildtype stroma. Thus, local OPGL is essential for the development of a mammary gland during pregnancy. 4C , and data not shown). Thus, neither OPGL nor RANK al., 1999). Since the slow-release rOPGL pellets could possibly override and mask essential epithelial-stromal is required for mammary gland development before pregnancy. In pregnant rank Ϫ/Ϫ females, the initial alveointeractions, the impaired mammary gland development in opgl Ϫ/Ϫ mice could be due to defects in stromal cells lar buds sprouted but differentiation and expansion of these buds into mature lobulo-alveolar mammary strucand/or a cell-autonomous defect localized to the epithelial cells. Thus, we evaluated whether opgl ϩ/ϩ stromal tures was completely abolished ( Figures 4D, 4E , 4G, and 4H). Importantly, whereas implantation of rOPGL into the tissue could induce opgl Ϫ/Ϫ epithelial cells to form lobulo-alveolar structures during pregnancy. To separate mammary tissues of pregnant opgl Ϫ/Ϫ females restored lobulo-alveolar differentiation (Figures 3A-3D ) and milk stromal from epithelial signals, opgl ϩ/ϩ or opgl Ϫ/Ϫ nullipa- In situ mRNA hybridization studies showed that expression of OPGL was restricted to mammary epithelial cells both at P12.5 (Figures 5C and 5D ) and L1 ( Figures  5E and 5F) . Interestingly, at P12.5, OPGL mRNA was most strongly expressed in the developing alveolar buds but OPGL mRNA was not detected in ductal epithelial cells. Similarly to OPGL expression, RANK mRNA expression was localized to epithelial cells at P12.5 (Figures 5G and 5H) and L1 (Figures 5I and 5J) . At day 12.5 of pregnancy, RANK mRNA is abundantly expressed in ductal and alveolar bud epithelium ( Figure 5G ). At L1, both OPGL and RANK are highly expressed in lobuloalveolar epithelial cells (Figures 5E and 5I ). These data show that pregnancy hormones induce OPGL in mammary epithelial cells whereas RANK is constitutively expressed on the same or a neighboring epithelial cell.
Loss of RANK Phenocopies opgl Deficiency in Mammary Tissue

OPGL Is Required for Proliferation and Survival of Mammary Epithelial Cells
What is the mechanism of impaired lobulo-alveolar differentiation in opgl Ϫ/Ϫ and rank Ϫ/Ϫ mice? During pregnancy in wild-type females, increased ductal side branching and development of lobulo-alveolar structures result from the expansion and proliferation of ductal and alveolar epithelium (Neville, 1999). opgl Ϫ/Ϫ and rank Ϫ/Ϫ mice show rudimentary alveolar development and form the initial alveolar buds, suggesting that OPGL does not initiate mammary differentiation. Rather, impaired alveolar epithelial cell proliferation and/or excessive cell death occurring as the gland tries to form lobular-alveolar structures might result in the observed defects.
To address this issue, the status of epithelial proliferation was assessed by in situ immunostaining for prolifer- 
